Background. Plasmodium vivax is the main cause of malaria in Nepal. Relapse patterns have not been characterized previously. Methods. Patients with P. vivax malaria were randomized to receive chloroquine (CQ; 25 mg base/kg given over 3 days) alone or together with primaquine (PQ; 0.25 mg base/kg/day for 14 days) and followed intensively for 1 month, then at 1-to 2-month intervals for 1 year. Parasite isolates were genotyped.
Malaria is endemic in the southern plain of Nepal (the Terai), which shares a long and porous border with India. Nepal has a target of malaria elimination by 2025 and is currently at the pre-elimination stage [1] . More than 80% of malaria infections in Nepal are caused by the relapsing parasite Plasmodium vivax [2, 3] . Elimination efforts are challenged by the survival advantage of P. vivax in cooler temperatures, possible long latency with "overwintering" of parasites in the human host from one season to the next [4] [5] [6] , and the need for deployment of diagnostic tests for glucose-6-phosphate dehydrogenase (G6PD) deficiency to provide radical cure safely with primaquine (PQ) [7, 8] . Currently, the World Health Organization (WHO) recommends treating vivax malaria with either chloroquine (CQ) or artemisinin combination therapy, which are blood schizonticides, plus PQ, a tissue schizonticide that eliminates the persistent liver stages (hypnozoites) and thereby provides radical cure [9] . Chloroquine resistance in P. vivax was reported first in Indonesia in 1989 [10] . Since then, CQ therapeutic failures in P. vivax malaria have been reported from >23 countries, although only 10 countries have reported true resistance in P. vivax [11] [12] [13] . In the assessment of radical cure regimens for vivax malaria, patient follow-up is generally either for 4 or 6 weeks as for P. falciparum therapeutic assessments, or for 6 months, but these durations are insufficient to capture long-latency relapses, which emerge around 8-9 months after the primary infection [14, 15] . Insufficient follow-up results in incorrect low estimates of relapse rates. Identification of resistance and the assessment of the efficacy of current treatment regimens in terms of relapse, recrudescence, and reinfection are augmented by molecular methods, although genotyping alone does not reliably distinguish between these different events [16] [17] [18] [19] .
The currently recommended treatment for P. vivax in Nepal is CQ (25 mg base/kg body weight over 3 days) and PQ (0.25 mg base/kg body weight daily for 14 days) [20] . There is evidence of reduced susceptibility to CQ in some parts of the Indian subcontinent [13] , but its current impact in Nepal is uncertain. In South Asia, at least 3 different relapse patterns have been described [15] . In Nepal, there are no studies with the 1-year follow-up necessary to capture long-latency relapses and thus to assess radical curative efficacy reliably. In a study done in the far western region of Nepal, 17% (23/137) of the patients infected with P. vivax malaria had recurrences within 6 months documented after the treatment with CQ alone [21] . Nepal aims to eliminate malaria by 2025 and will need highly effective case management to achieve this. The main objective of this longitudinal prospective study with 1 year of follow-up was to determine the true recurrence pattern following treatment with CQ alone. The trial was designed with the additional objectives of capturing long-latency relapses should they occur, of assessing the radical curative efficacy of the currently recommended radical treatment regimen, and measuring the prevalence of G6PD deficiency in the patients.
METHODS
This was a prospective longitudinal clinical study with 1 year of follow-up to evaluate the clinical and parasitological responses to the nationally recommended radical treatment regimen for acute vivax malaria. Participants in this study were patients >5 years old with microscopy-confirmed P. vivax monoinfections who attended different health centers in 3 malaria-endemic districts (Jhapa in Eastern Nepal, and Kailali and Kanchanpur in Western Nepal). Patients with mixed infections, pregnant women, patients taking regular medications for other diseases, and persons unwilling to provide written informed consent and agree to 1 year's follow-up were excluded from the study.
Clinical Procedures
On enrollment (day 0), a complete medical history, body weight, demographic information, and contact details were taken (for follow-up). Blood (3-5 mL) was taken for parasite count, G6PD deficiency assessment, hematocrit level, and parasite genotyping. All patients were screened for G6PD deficiency using a standard qualitative test kit (Care Start G6PD deficiency test kit), following the manufacturer's instructions [8] . Enrolled patients were randomized into 2 treatment groups using pregenerated computer-based random number allocation. Patients were treated with either 3 days CQ (25 mg base/ kg given over 3 days) alone, or 3 days CQ (25 mg/kg given over 3 days) plus PQ (0.25 mg base/kg/day for 14 days) (Remedica Ltd). All patients completed a full course of prescribed CQ and PQ.
Counseling was provided to patients at day 0 about malaria and the potential risks and benefits of the study. Patients were requested to attend follow-up on days 1, 3, 7, 14, 21, and 28 and at 1-to 2-month intervals up to a year. In addition, all patients were advised to attend the health center if they developed fever at any time within the 1-year follow-up. Members of the study team made home visits to patients who missed the scheduled follow-up times for clinical examination and collection of blood samples for parasitological analysis. After completion of 1 year of follow-up, all the P. vivax patients who received CQ alone were treated with 14 days of PQ to complete a radical treatment course according to the national malaria treatment protocol of Nepal.
Microscopy
Parasitemia was monitored according to the WHO method for surveillance and drug efficacy assessment [9] . Parasite counts were performed on Giemsa-stained thick and thin blood films. Thick blood films were examined on days 1, 3, 7, 14, 21, and 28. Parasite densities in thick films were calculated assuming a white blood cell count of 8000 cells/μL. Thick and thin smears were examined separately by 2 trained laboratory technicians at each health facility. If there was a difference between the 2 laboratory technicians in species diagnosis or a >25% difference in parasitemia estimation, the smears were rechecked by another trained technician at the respective district public health office.
Parasite Genotyping
Blood was taken at each follow-up and stored dried on Whatman 3MM Chr filter paper (catalog number 3030-861) at room temperature in resealable plastic bags containing silica gel desiccant beads. Samples were later brought to the molecular malaria laboratory at the Faculty of Tropical Medicine, Mahidol University, Bangkok, Thailand, for microsatellite genotyping. Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen). Eluted genomic DNA was stored at -20°C until testing [22] . Nine P. vivax microsatellite markers (Pv 1.501, 3.27, 3.502 and MS1, MS5, MS6, MS7, MS8, and MS16) were used for genotyping [22, 23] . A seminested polymerase chain reaction (PCR) approach was adopted and all amplification reactions were performed in 10 mM/L Tris-Hydrochloric acid (pH 8.3), 50 mmol/L Potassium Chloride, with 250 nmol/L for each oligonucleotide primer, 2.5 mmol/L Magnesium Chloride, 125 µmol/L of each of the 4 deoxynucleotide triphosphates, and 0.4 U of Taq DNA polymerase (total volume 15 µL). The PCR products were analyzed using an ABI genetic analyzer (Applied Biosystems) and allele size, distribution, frequency of the most common allele, and degree of heterozygosity were calculated to assess genetic diversity. Allele lengths and peak heights were measured and quantified using Gene Scan 500 LIZ software. Multiple alleles per locus were assigned if alleles exceeded 33% of the height of the predominate allele [17, 19] . Three alleles were assessed initially, and if 2 or all 3 were the same, a further 6 were typed. Paired isolates were classified as genetically related (homologous) or unrelated (heterologous) as described below. A homologous recurrence could be either a recrudescence (which, unless a minor population only recrudesced, would be expected to be genetically identical except for intrainfection mutations or copy number changes), or it could be a relapse from the same population of parasites that gave the index infection. In the latter case, the sporozoites giving rise to the primary infection and the reactivated hypnozoite could be either genetically identical or genetically related recombinants. In the development of resistance, early relapse precedes recrudescence, so with low-grade resistance, early relapse is the first manifestation [24] . A recurrence was defined as heterologous if it was statistically improbable that it could be related to the primary infection (ie, the majority of typed alleles were different).
Data Analysis
The χ 2 (Figure 1 ).
Initial Therapeutic Responses
In the CQ arm, 83 (82.2%) patients had persistent parasitemia by day 1 and 17 (17.2%) still had detectable parasitemia by day 3. In the CQ + PQ arm, the corresponding numbers were 88 (83.8%) by day 1 (P = .85) and 5 (5.0%) by day 3 (P = .006) ( Table 2 ). In the CQ arm, a 33-year-old male patient had persistent parasitemia for 7 days (parasite count on admission was 66 400/µL and at day 7 was 56/µL; ie, early treatment failure), but had cleared by day 14 without further treatment. There was 1 early relapse (at day 21), which was later shown to be genetically heterologous (thereby excluding recrudescence). Apart from these 2 cases, all other patients had adequate clinical and parasitological responses during the 28-day follow-up. In general, the treatments were very well tolerated. Two patients in the CQ + PQ arm were noted to be jaundiced by day 7, but none had severe anemia or black urine.
Recurrences of P. vivax Malaria During 1 Year of Follow-up
In total, 25 (16.6%) patients of the 151 patients who completed follow-up for 1 year had recurrences of vivax malaria ( Figure 2 ). All were symptomatic. Six of the 25 (24%) recurrences occurred after 6 months and occurred in a cluster around 9 months. In the CQ + PQ arm, there were 3 (4.1%) recurrences in the 73 patients followed for 1 year, compared with 22 of 78 (28.2%) in the CQ-only arm (risk ratio, 0.146 [95% confidence interval {CI}, .046-.467]; P < .0001. The Kaplan-Meier cumulative mean probabilities of recurrence in the CQ-only group were 1.5% (95% CI, 0-3.8%) at 28 days, 3.1% (95% CI, 0-6.5%) at 42 days, 18.6% (95% CI, 9.9%-26.4%) at 180 days, and 26.4% (95% CI, 16.2%-35.4%) at 1 year. By comparison, in the CQ + PQ group, the cumulative mean probability of recurrence at 1 year was 3.9% (0-8.1%). None of the sociodemographic characteristics were associated with recurrences (supplementary Table 1 ).
There was a high level of diversity among the genetic markers assessed. The highest number of alleles (n = 22) was detected by microsatellite marker MS8 and the lowest number of alleles was found in MS7 (n = 5). The mean heterozygosity of the 9 microsatellite markers in 25 P. vivax isolates at day 0 was 0.843 (standard deviation [SD], 0.134). The majority (84%) of infections were apparently of a single genotype. The mean multiplicity of infection was 1.05 (SD, 0.033; range, 1.00-1.08). If all alleles on day 0 (pretreatment) and the day of recurrence were the same, the recurrence was considered definitely to be the same genetically (ie, homologous). Of the 25 paired P. vivax isolates, 10 were the same at each locus (ie, identical), 1 pair differed at 1 microsatellite locus, and the other differed at 2 loci. Thus, 12 (48%) recurrences were considered genetically homologous, and therefore assessed as very likely to be relapses. In the other 13 pairs (52%), the majority of alleles were different and so the recurrence isolates were considered heterologous (ie, they could have been genetically heterologous relapses or new infections). Following PQ radical cure, there were only 3 recurrences (by days 66, 138, and 165, respectively) and each was heterologous. As 2 of these occurred >4 months after enrollment, they were considered probable new infections. There was a clear temporal pattern to genetically homologous recurrences (ie, likely relapses), which diverged from heterologous recurrences after 2 months with 7 of 12 relapses occurring within 5 months and the other 5 occurring in a tight cluster after 9 months (Figure 3 ). 
DISCUSSION
Chloroquine remains the current first-line treatment for vivax malaria in Nepal. In general, CQ is still effective, although one-sixth of patients receiving CQ alone in this study had not cleared their parasitemias by day 3. There was 1 early treatment failure and 1 early relapse (day 21). These findings may well reflect emerging CQ resistance [13] . Adding PQ, which also has asexual stage activity, accelerated parasite clearance significantly and prevented the majority of vivax malaria recurrences. Relapse of vivax malaria is a major cause of morbidity in endemic areas. In this study, with 1 year of follow-up, 28% of the patients who received CQ alone had recurrent vivax malaria. Providing radical cure with PQ reduced recurrences by a factor of 6, from 28.2% to 4.1%. Similar results have been reported in recent years from other sites in this region, from Afghanistan [25] , Kolkata, West Bengal, India [26, 27] , southwestern India [28, 29] , northeastern Myanmar [30] , and the ThailandMyanmar border [23] . Genotyping cannot reliably distinguish relapses from newly acquired infections, as relapses can derive either from hypnozoites derived from sporozoites inoculated by the mosquito that caused the incident infection, or from previously acquired hypnozoites [15, 17] . Overall approximately half the recurrences in this study were genetically homologous (ie, very likely to be definite relapses). Initially the 2 proportions were similar, but after 2 months the temporal pattern clearly diverged with continued heterologous recurrences but no more homologous recurrences until a cluster that emerged after 9 months. This pattern is identical to that observed in studies conducted >10 years ago in Kolkata [31] . Long-latency P. vivax is well described from South Asia [14, 15] . Extensive earlier studies characterized the "Madagascar" strain (which, despite its name, may well have originated in India), and also the European, North and Central American, Russian, Central Asian, and Korean long-latency "strains" of P. vivax [15] . Long-latency P. vivax strains similar to the Madagascar strain may have an early relapse, but more commonly relapse around 9 months after the initial infection [32] . At least 20% of P. vivax in Nepal has this phenotype. This emphasizes the necessity of follow-up for 1 year when assessing vivax malaria in areas with long-latency strains. In recent years, this has been shown in Afghanistan [25] , Pakistan [33] , and Mexico [34] , where such strains are prevalent. In this study, at least one-fifth of the relapses would have been missed if follow-up stopped at 6 months.
As in most areas, radical cure with CQ (25 mg base/kg given over 3 days) and PQ (0.25 mg/kg/day for 14 days) was well tolerated and highly effective in Nepal [35] . In this study, the prevalence of G6PD deficiency was very low (2/206 [~1%]) in patients with P. vivax malaria. Both the G6PD-deficient patients identified were allocated to the CQ-only group. In nationwide studies conducted among a malaria-uninfected population, the overall prevalence of G6PD deficiency was approximately 6%. However G6PD deficiency in Nepal was more concentrated in particular ethnic groups in the southern plains [7] , who were not represented in this study. The prevalence of G6PD deficiency in vivax malaria studies is often lower than in the general population because of the protective effect it confers against P. vivax infections [36] . As Nepal is at the preelimination stage, it is important that radical cure be deployed more widely. Availability of G6PD testing would reduce the risks of oxidant hemolysis.
Since 2009, the national malaria control program of Nepal has adopted the 3-day CQ and 14-day PQ regimen as first-line treatment for vivax malaria. As much of the remaining vivax malaria in the country is in the mobile, male migrant labor population, this poses specific challenges for adherence to lengthy treatment regimens such as 14 days of PQ, and consequently to control and elimination. Comprehensive community engagement with all relevant stakeholders, including both private and public healthcare providers, policy makers, health centers, members of the community, and patients attending the clinics, will be needed to ensure success in malaria elimination [37, 38] .
This study has a number of limitations. Although this was the first study in Nepal to assess relapse patterns in vivax malaria patients with a follow-up period of a year, supported by parasite genotyping, the number of recurrences was relatively small (n = 25), so the estimates are imprecise. We cannot exclude the possibility of transient asymptomatic recurrences, although this seems unlikely given that all the recurrences identified were symptomatic. Genotyping using 9 polymorphic loci provided satisfactory discrimination, but it does not separate heterologous relapses from new infections. Furthermore, in homologous recurrences, relapse cannot be distinguished with certainty from recrudescences [15, 17] . Using time-toevent information can strengthen the probabilistic discrimination between these states [39] . In this study, recrudescence was considered very unlikely given the low level of CQ resistance. The risks of giving PQ to G6PD-deficient patients in Nepal remain uncertain, although the incidence of G6PD deficiency in vivax malaria patients is low.
In conclusion, this randomized trial confirmed that the currently recommended radical treatment of acute vivax malaria in Nepal with CQ and a standard 14-day course of PQ is highly efficacious in preventing both short-and long-latency relapses despite possible emerging CQ resistance. Long-latency "strains" comprise at least one-fifth of P. vivax parasites in Nepal. One year of follow-up is necessary to characterize relapse patterns in this and other areas where these strains are prevalent, otherwise relapse rates will be significantly underestimated.
